We used a modified grading system to evaluate the extent of epidural fibrosis depicted on follow-up MR images.
Methods

Study Population
Seventy-five patients undergoing single-level unilateral MED for lumbar disc herniation were enrolled consecutively for study between March 2010 and December 2010 from regular clinical practice in a single institution (Department of Orthopedics, Affiliated ZhongDa Hospital of Southeast University). All patients fulfilled the following study inclusion criteria: clear clinical signs consistent with the diagnosis of lumbar radiculopathy, evidence of lumbar disc herniation on MRI or CT, and consistency between symptoms, neurological examination, and radiological findings. Exclusion criteria were age greater than 60 years or less than 20 years; multiple levels of lumbar disc herniation, pyogenic discitis, or other infections; disc herniation associated with spondylolisthesis; spinal canal stenosis; any prior lumbar spine surgeries; local or general infection; allergic reaction; peroral administration of aspirin or other nonsteroidal antiinflammatory drugs within the 7 days preceding the surgery; active psychiatric disease; or severe heart or respiratory failure. Patients were also excluded if the dura mater was injured intraoperatively.
Study Design
The study was a prospective, randomized, controlled, double-blind clinical trial. The study protocol was approved by the ethics committee of the First Affiliated Hospital of Nanjing Medical University and was registered on the Chinese Clinical Trial Registry (ChiCTR-TRC-10001079). The study was performed on the basis of the Consolidated Standards of Reporting Trials (also known as CONSORT). Written informed consent was obtained from all the participating patients. Patients enrolled in the study were allocated randomly, according to computer-generated random numbers sealed in opaque envelopes with consecutive numbering, into 1 of the 2 groups by an orthopedist who was not involved in the study. At the end of the MED procedure, the same orthopedist responsible for establishing the patient's assignment then instructed a nurse, who was blinded to patient allocation number, to dispense either the MMC (Kyowa Hakko Kirin Co., Ltd.) or physiological saline.
Blinding
Patients and those administering the interventions were all blinded to group assignment. The blinding was ensured by mixing the patients with other patients receiving routine treatment. The surgeon performing the procedure was also blinded to the group assignment. The results of 6-month follow-up were tabulated by a statistician not participating in provision of patient care. The unblinded results were not disclosed to the surgeon, the other participants, or patients.
Surgical Procedures
All MED procedures were performed by the same senior surgeon (X.W.) using the METRx system (Medtronic Sofamor Danek) after epidural induction of anesthesia. Flavectomy was performed via a standard longitudinal splitting approach, and laminotomy was performed using an upward-angled curette and a Kerrison punch to expose the dura and traversing nerve roots. Subsequently, nerve root retraction and discectomy were conducted to remove herniated disc material with a pituitary rongeur.
12,17 After strict hemostasis, a piece of cotton wool (1 × 5 cm) impregnated with 0.5 mg/ml MMC was applied around the nerve, including the anterior, lateral, and posterior space in the MMC treatment group. Five minutes later, the MMC-soaked cotton wool was removed, and the laminectomy sites were irrigated immediately with saline solution to eliminate the surplus MMC. In patients in the control group a piece of cotton wool impregnated with physiological saline was applied locally for 5 minutes in the same way. Finally the cotton fiber, bone chips, and disc fragments were cleared away, and the lumbodorsal fascia and subcutaneous tissue were closed with absorbable sutures.
Outcome Measures
Clinical Follow-Up. Preoperative and postoperative examinations were performed by the same orthopedists (C.M. and X.W.) in a blinded manner. The postoperative clinical follow-up examinations were performed during the 1st week, and then 3 and 6 months postoperatively. The LSOQ 3 and neurological examinations were used to evaluate the clinical outcomes. For each patient and for each evaluation period, scores on 4 composite measures were derived from the responses to the LSOQ: a lumbar back pain severity score, leg pain severity score, physical symptom and radiculopathy score, and functional disability and activity-related pain score. A different point scale was used to indicate the severity of the 4 composite measures. Additionally, lower-extremity weakness was evaluated using a motor scale, with scores ranging from 0 (no motor weakness) to 5 (complete motor functional loss).
Radiological Follow-Up. The MRI examinations were performed 3 months postoperatively following a standard protocol. All patients were in the supine psoasrelaxed position. 6 A spinal surface coil (FOV 25 cm) was used at a field strength of 1.5 T (Siemens); the slice thickness was 4 mm; and matrices applied were 256 × 256 for the sagittal and axial sections. In all patients, sagittal T1-weighted spin echo images (TR/TE 300/22 msec), sagittal T2-weighted images (TR/TE 3900/150 msec), and axial T1-weighted images (TR/TE 300/22 msec) were obtained within 10 minutes after intravenous administration of 0.1 mmol/kg of Gd-DTPA (Magnevist, Bayer Schering Pharma). Axial images were obtained in a gap-and-fill fashion to allow complete coverage of the surgical site and were contiguous (that is, not only the operative disc level). Axial images covered 2 levels above the central axial slice of the operative intervertebral disc to 2 levels below. For the purpose of evaluating epidural fibrosis, we used only the axial T1-weighted images with and without contrast enhancement.
All MR images were reviewed independently by 2 fellowship-trained orthopedists (X.H. and J.W.) blinded to the operative and clinical findings. The Ross grading system 15 and a modified grading system were used during the evaluating procedure.
The Ross Grading System. The 5 contiguous axial slices centered around the surgically treated intervertebral disc were observed. Each of the 5 levels was further subdivided into 4 quadrants defined by perpendicular lines drawn from the central aspect of the thecal sac. For each quadrant at each imaging slice encompassing the operative level, the amount of epidural fibrosis was graded on the following scale of 0-4: Grade 0, no scar or trace of a scar; 1 > 0% to ≤ 25% of the quadrant filled with scar; 2, > 25% to ≤ 50% of the quadrant filled with scar; 3, > 50% to ≤ 75% of the quadrant filled with scar; and 4, > 75% to ≤ 100% of the quadrant being filled with scar. Therefore, a total of 20 scores were obtained for each operative level encompassing the 5 imaging slices. The 2 orthopedists independently evaluated 1240 quadrants of 5 slices in all 62 patients. The results were further compared and analyzed.
Modified Grading System. The evaluation of the MR images detailed the location of the epidural fibrosis on 5 contiguous axial slices centered on the intervertebral disc (Fig. 1) . The 5 slices included those of the lateral recesses, exiting root, anterior epidural space, dural sac, and posterior epidural space. Differing from the grading system presented by Ross et al., 15 the amount of epidural scarring in the vertebral canal space was given a score of 0-10 on each slice. In our modified grading system, a score of 0 indicates no scar; score of 1 is a slice with 1%-10% scar filling; score of 2, 11%-20%; score of 3, 21%-30%; score of 4, 31%-40%; score of 5, 41%-50%; score of 6, 51%-60%; score of 7, 61%-70%; score 8, 71%-80%; score of 9, 81%-90%; and score 10, 91%-100% scar filling the space. Additionally, the CSAs of vertebral canal (CSA vc ), dural sac (CSA ds ), and nerve roots (CSA nr ) were measured by using a standard measurement program for MR images. Axial images were cross-referenced with sagittal localizing images to ensure accuracy. During measurement, the partitions of the boundary of the vertebral canal were defined according to the cavity. The front of the CSA vc is at the tail of intervertebral body or disc; the back of the CSA vc is at the front of ligamenta flava; the bilateral sides of the CAC vc are located at the wall of the pedicle of the vertebral arch. If the shapes of 2 sides on the vertebral canal image are open, the outer margins of the nerve root are used to locate the boundaries (Fig. 1) . The mean CSA of the epidural space (CSA es ), the mean CSA of epidural fibrosis (CSA ef ), and the epidural fibrosis index were calculated according to the following formula: 
Statistical Analysis
All continuous data are presented as mean ± SD and all categorical data as a percentage or number. Statistical analyses for comparisons between groups were performed using the unpaired Student t-test, chi-square test, and nonparametric Kruskal-Wallis test. Descriptive analysis and an independent samples test were also used. Statistical significance was set as p < 0.05. Intraclass correlation coefficient statistics were used to assess intrarater reliability when using the modified grading system; intraclass correlation coefficient values greater than 0.75 indicate excellent agreement. 7 The power analysis of the statistical data was performed using SPSS computer software version 13.0.
Results
Patient Characteristics
Between March 2010 and December 2010, 75 patients were enrolled in the study: 37 patients were randomized to an MMC group and 38 to a control group. The distributions of patients' preoperative characteristics are shown for the evaluable patients in each group (p > 0.05) ( Table  1 ). Thirteen of the 75 patients who underwent MED did not complete the follow-up. The drop-out rate is 17.33% (lower than 20%).
Clinical Follow-Up Results
We observed no statistical significance between the MMC group and saline group regarding the results of neurological examinations and LSOQ scores at each interval. The results of the LSOQ scores and neurological examinations are shown in Table 2 . Significant differences were determined (p < 0.05, t-test for paired samples) between preoperative LSOQ scores/neurological examinations and postoperative LSOQ scores/neurological examinations in both groups.
Radiological Follow-Up Results
Analyses of the MR images using the Ross grading system and modified grading system, including interpretations of enhanced and nonenhanced abnormalities, showed significantly different results between the MMC and control groups (p < 0.05). Ross Grade 3 and 4 scars were observed more frequently in the MMC group (24.7%) than in the control group (12.2%; see results in We also found significant differences in the average CSA of the epidural scar and epidural fibrosis index between the MMC and control groups (p < 0.05).
Safety
No adverse effects such as wound infections, wound healing delay, dural tear, spinal epidural hematoma, or arachnoiditis were observed as the result of MMC usage and the surgical procedure. Mean duration of hospital stay was 13 days. Although 1 recurrent disc herniation on follow-up MR images was observed in the MMC group and control group, there was no evidence of a significant and consistent relationship between recurrent disc herniation and the applied MMC. Both patients had uneventful postoperative recoveries and did not require a second operation.
Discussion
Although epidural fibrosis is a natural consequence of discectomy to replace the normal epidural fat with fibrotic tissue and to bind the dural sac and nerve roots to the surrounding structures, excessive scarring or scarring in regions where adhesions cause anatomical and electrophysiological dysfunction may contribute to undesirable postoperative symptoms and pain recurrence. 2, 8, 11 Anterior and posterior adhesions of the dura and nerve roots to epidural fibrosis tissues near spine surgery sites are known to cause intractable pain, which cannot be easily relieved by an analgesic agent or by physical therapy programs. Additionally, epidural fibrosis increases the risks of dural tears and nerve roots injury and prolongs operat- ing time in the second-time surgery. Given these factors, presenting an effective method for preventing epidural fibrosis has assumed more pressing importance. Various materials and drugs have been used to prevent or minimize epidural fibrosis around neural structures, including fat graft, absorbable gelatin sponge, steroids, polylactic acid, polymethylmethacrylate, carboxymethyl cellulose, low-dose radiation, heparinized material, ADCON-L, urokinase, MMC, tissue plasminogen activator, and so on. 5,9,10,14 Some of these treatments have been found to prevent fibrosis successfully after discectomy in animal models. Many clinical trials also have been conducted but have mostly ended with frustrating results.
Mitomycin C, an ankylosing antibiotic substance, can be easily and rapidly absorbed into cells to inhibit RNA and protein synthesis as well as DNA replication. As a potential suppressor of fibroblast proliferation and differentiation, mitomycin C has been used topically in ophthalmological and urological surgery to suppress fibrotic enlargement at various concentrations of 0.1 and 0.5 mg/ ml for 2 and 5 minutes, respectively. 16, 18 This inhibition of epidural fibrosis after lumbar disc surgery also has been observed in experimental studies of laminectomy models. Celik and colleagues 4 performed a prospective randomized clinical study to validate the antifibrotic effect in lumbar disc surgery. However, no benefits were observed clinically or radiographically. Lack of better measures of peridural fibrosis and limited intervention efforts of MMC may account for the negative result. Based on previous clinical studies, we tried to produce the maximal drug effect by using a piece of cotton wool impregnated with 0.5 mg/ml MMC around the nerve, including the anterior, lateral, posterior space. Additionally, we used 2 different grading systems to evaluate the MR images.
We found a significant difference in the extent of epidural fibrosis when comparing the MMC group and the saline group. Epidural fibrosis index was 0.2058 ± 0.7672 in the MMC group and 0.2542 ± 0.0728 in the saline group. This result shows that MMC could effectively reduce epidural fibrosis and prevent dural adhesions radiologically. Additionally, analyses failed to show a satisfactory clinical difference for MMC. We believe that 2 possibilities may explain the incongruity between the radiological result and clinical outcome: First, flavectomy was performed using a ligamentum flavum longitudinal splitting in the MED procedure, and this helped to retain the ligamentum flavum maximally. The ligamentum flavum was considered to be the natural barrier against epidural scarring.
12 Second, compared with total or semilaminectomy, the limited dural exposure in the MED contributes to unremarkable postoperative persistent pain, which could be partially explained by epidural scar. The clinical effects of MMC may be better determined in procedures that involve substantially greater surgical exposure. Several authors have studied the relationship between epidural fibrosis and recurrent pain, and they came to the conclusion that epidural fibrosis should be considered a radiological finding independent of the clinical outcome.
1
Mitomycin C has an excellent safety profile with no medically significant adverse events or complications attributed to it at lower concentration. All surgical areas were rinsed well to eliminate the surplus MMC. No delayed healing of the surgical incision was observed; the tubular retractor was considered to be protective because it prevented MMC from touching the surgical incision. Otherwise, MMC is still not recommended if the dural tear occurs during the operation.
Conclusions
The preliminary results of this prospective, doubleblinded, randomized clinical trial have demonstrated that topical treatment with MMC in a concentration of 0.5 mg/ml is effective for inhibiting postoperative epidural fibrosis after MED. Multicenter clinical trials should be conducted to validate the efficacy of MMC in total or semilaminectomy.
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